The plasma level of the tumor necrosis factoralpha receptor 2 (TNFR2) is associated with obesity phenotypes. However, the genetic polymorphisms for such an association have rarely been explored and are generally unknown. In this study, by employing a large sample of 1,873 subjects from 405 Caucasian nuclear families, we explored the association of 12 SNPs of the TNFR2 gene and obesity-related phenotypes, including body mass index (BMI), fat mass, and percentage fat mass (PFM). The within-family quantitative transmission disequilibrium test, which is robust to sample stratiWcation, was implemented to evaluate the association of TNFR2 gene with obesity phenotypes. Evidence of association was obtained at SNP9 (rs5746059) with fat mass (P = 0.0002), BMI (P = 0.002), and PFM (P = 0.0006). The contribution of this polymorphism to the variation of fat mass and PFM was 6.24 and 7.82%, respectively. Individuals carrying allele A at the SNP9 site had a 4.6% higher fat mass and a 2.5% increased PFM compared to noncarriers. The results remained signiWcant even after correction for multiple testing. Evidence of association between the TNFR2 gene and obesity phenotypes are also found in 700 independent Chinese Han and 1,000 random Caucasians samples. The results suggest that the TNFR2 gene polymorphisms contribute to the variation of obesity phenotypes.
Introduction
Obesity has become a common metabolic disorder associated with higher mortality, as it may lead to serious metabolic syndromes and diseases with lethal risks such as stroke, cancer, and sleep-breathing disorders (Kopelman 2000) . Genetic factors contribute signiWcantly to the etiology of obesity, with the heritability of body mass index (BMI), fat mass, and percentage fat mass (PFM) ranging from 0.5 to 0.9, 0.2 to 0.7, and 0.6 to 0.8, respectively (Liu et al. 2003) .
Tumor necrosis factor-alpha (TNF ) regulates obesity through two genetically distinct receptors, TNF receptor 1 (TNFR1) and TNFR2. This study focuses on TNFR2. Soluble TNF plays an important role in energy regulation. In adipocytes, it regulates the secretion of leptin (Kirchgessner et al. 1997) , which is important for systemic energy regulation.
Polymorphisms of the TNF gene are linked and associated with obesity (Herrmann et al. 1998; Norman et al. 1995) . Moreover, the TNF gene and protein expression level in adipose tissue is elevated in obesity rodent models and human beings, and decreases with weight loss (Good et al. 2006; Hotamisligil et al. 1993 Hotamisligil et al. , 1995 Kern et al. 1995) . The TNFR2 gene expression correlated tightly with that of TNF and it is also elevated in obesity (Good et al. 2006; Hotamisligil et al. 1997 ). Compared to the lean controls, the TNFR2 expression level increases twofold in fat tissue and sixfold in plasma in obese women . The plasma level of TNFR2 is positively correlated with BMI, fat mass, and waist-to-hip ratio (Fernandez-Real et al. 1998 ). Consistently, a study in identical twin pairs who had an average 18-kg intrapair diVerence in body weight showed that the serum-soluble TNFR2 level was higher in the obese individual (Ronnemaa et al. 2000) . All this evidence supports that TNFR2 is potentially important for obesity.
The TNFR2 gene is composed of 10 exons and is situated in chromosomal 1p32, a region that has been replicated to be linked with obesity-related phenotypes by several independent studies (Chagnon et al. 1997; Saar et al. 2003) . Although the importance of TNFR2 for obesity has been revealed, few genetic association studies have comprehensively investigated the polymorphisms in the gene accounting for obesity phenotypes (Fernandez-Real et al. 2000; Huang et al. 2006) . The earlier association studies on TNFR2 and obesity have two limitations: Wrst, they examined only two common markers in the TNFR2 gene (Fernandez-Real et al. 2000; Huang et al. 2006) ; and second, potential population stratiWcation/admixture in the unrelated samples (Chagnon et al. 1997 ) may yield falsepositive results (Deng 2001) . These limitations impeded testing a candidate gene exhaustively and deWnitively. In this study, we tested associations of the TNFR2 gene with the obesity phenotypes using high-density SNPs in a large sample of Caucasian nuclear families. The TDT method was employed to resolve the hidden population substructure, with the aim of providing robust Wndings for followup studies.
Methods

Subjects
The Creighton University Institutional Review Board approved this study. All the study subjects signed informed-consent documents before entering the project. The study subjects came from an expanding database created for ongoing studies in the Osteoporosis Research Center (ORC) of Creighton University to search for genes underlying common human complex traits, including obesity and osteoporosis. The families were recruited without consideration of body weight/fat mass. The sampling scheme and exclusion criteria have been detailed elsewhere (Deng et al. 2002) . BrieXy, patients with chronic diseases and conditions that may potentially aVect the development of human obesity as well as other studied traits were excluded from the study. All the study subjects were Caucasians of European origin and were recruited from Omaha, NE, Midwestern US.
In this study, we selected a total of 405 Caucasian nuclear families with 1,873 individuals. The sample includes 740 parents (ages with a mean § SD of 62.62 § 10.52), 389 male children (ages with a mean § SD of 36.00 § 10.92), and 744 female children (ages with a mean § SD of 37.73 § 10.33). The nuclear families were selected based on the following criteria: (1) families with two parents and at least two children have priority in selection; (2) if there is only one parent available, families with at least three children have priority in selection; and (3) age preference for oVsprings of less than 50 years or premenopausal for females. Among them, 341 families comprised both parents and at least one oVspring. The remaining 64 families, with one or no parent, contained two or more children. There were 27.2, 22.7, 22.7, and 27.4% nuclear families with one, two, three, and more than three children, respectively, yielding 1,512 sibling pairs in our sample. The descriptive characteristics of the study subjects have been detailed in our previous studies (Guo et al. 2006; Liu et al. 2004) Phenotype measurement
We calculated BMI as body weight (in kilograms) divided by the square of height (in meters). Weight was measured in light indoor clothing without shoes, using a calibrated balance beam scale, and height was measured using a calibrated stadiometer. The PFM is the ratio of fat mass divided by body weight (i.e., the sum of fat mass, lean mass, and bone mass). Fat mass and lean mass were measured by dual-energy X-ray absorptiometry using a Hologic 2000+ or 4500 scanner (Hologic, Bedford, MA, USA). Both machines were calibrated daily. The measurement precision of BMI as reXected by the coeYcient of variation was 0.2%. The coeYcients of variation for fat mass, PFM, and lean mass were 2.2, 2.2 and 1.0%, respectively, for measurements obtained on the Hologic 2000+, and 1.2, 1.1 and 0.7%, respectively, for measurements obtained on the Hologic 4500. Generally, members of the same family were measured on the same type of machine, ensuring minimal or no eVect on our analyses due to measurements by diVerent scanners.
Genotyping
For each subject, DNA was extracted from peripheral blood using a Puregene DNA Isolation Kit (Gentra Systems, Minneapolis, MN, USA). DNA concentration was assessed by a DU530 UV/VIS Spectrophotometer (Beckman Coulter, Inc., Fullerton, CA, USA).
We selected SNPs on the basis of the following criteria: (1) validation status (validated experimentally in human populations), especially in Caucasians; (2) degree of heterozygosity, i.e., minor allele frequency (MAF) > 0.05; (3) reported to dbSNP by various sources; and (4) a high average density of one SNP per 5.4 kb. A total of 13 SNPs within and around the TNFR2 gene were selected and successfully genotyped using the high-throughput BeadArray SNP genotyping technology of Illumina Inc. (San Diego, CA, USA), with subjects' phenotype information blinded. For the 13 SNPs, one SNP (rs625847) has MAF < 0.05 and was removed for subsequent data analyses according to common practice (Newton-Cheh and Hirschhorn 2005). PedCheck (O'Connell and Weeks 1998) was performed to ensure that the genotype data conform to Mendelian inheritance pattern at all the marker loci. Five of the overall 22,476 genotypes (0.02%) were omitted because of the violation of the Mendelian inheritance rule. Hardy-Weinberg equilibrium (HWE) was tested and SNPs that signiWcantly departed from HWE at the P < 0.01 level among parents were discarded. For SNP genotyping, the reproducibility rate as revealed through blind duplicating was 100%.
Statistical analyses
In total, 12 SNPs with MAF > 0.05 were used for the data analyses. LD block structure of the TNFR2 gene was examined using the Haploview program (Barrett et al. 2005) .
The DЈ values for all pairs of SNPs were calculated and the haplotype blocks were estimated using the conWdenceinterval method (Gabriel et al. 2002) . SNPs with low MAF may inXate estimates of DЈ and the use of conWdencebound estimates for DЈ reduces this bias. The default settings were used in these analyses invoking a one-side upper 95% conWdence bound of DЈ > 0.98 and a lower bound of >0.7 to deWne SNP pairs in strong LD. A block is identiWed when at least 95% of SNP pairs in a region meet these criteria for strong LD. Haplotypes were reconstructed and their frequencies estimated using an accelerated expectationmaximization (EM) algorithm similar to the partition/ligation method (Qin et al. 2002) implemented in Haploview.
Under a Xexible variance-component framework, tests of population stratiWcation, total association, and withinfamily associations were implemented for both the single SNP marker and haplotype blocks in the program package QTDT (quantitative transmission disequilibrium test, http://www.sph.umich.edu/csg/abecasis/QTDT/) (Abecasis et al. 2000a, b) . The data analyses were performed under the assumption of an additive model. The total association evaluates the evidence for association at the whole population level using all information, including within-family and between-family components and is susceptible to spurious results due to population stratiWcation. The within-family association test is a TDT method and therefore robust to population stratiWcation. Initially, population stratiWcation was tested for single SNPs. If population stratiWcation existed, then only within-family association was tested. The permutation test built into the QTDT was performed to set up the threshold of the signiWcance levels. When signiWcant association is observed, the approximate phenotypic variation, due to the detected marker, is calculated as 2p(1 ¡ p)a 2 , where p is the allele frequency of the marker, and a is the estimate of additive eVect, i.e., E( w) = a (Abecasis et al. 2000a) . In all the statistical analyses, age and sex have been adopted as covariates (if they have signiWcant eVects in our sample) to adjust for BMI, fat mass, and PFM.
Results
The information about the 12 SNPs of the TNFR2 gene used for data analyses is listed in Table 1 . The SNPs are within or around the TNFR2 gene, with average marker distance of »5.4 kb. The SNP markers are presented according to their physical location, with an average MAF of 26%, ranging from 6 to 47%.
In our sample, both age and sex have signiWcant eVect on BMI (P < 1E-10), fat mass (P < 3E-16), and PFM (P < 3E-54). Age and sex together account for 9.40, 7.78, and 44.16% of fat mass, BMI, and PFM variation, respectively. Obesity phenotypes are adjusted for these two covariates of the data analyses, and all the presented results take into account the eVects of age and sex. Table 2 presents the results of the QTDT population stratiWcation test for singlelocus analyses. Because population stratiWcation was detected at SNP9 and SNP11 for all obesity phenotypes, only the within-family association test was adopted and the results are presented in Table 3 .
Three SNPs (SNP1, SNP9, and SNP11) showed evidence of association with fat mass, BMI, and PFM (P < 0.05). Evidence of association was obtained at SNP1 (P = 0.005), SNP9 (P = 0.0002), and SNP11 (P = 0.024) with fat mass; SNP1 (P = 0.016), SNP8 (P = 0.049), SNP9 (P = 0.002), and SNP11 (P = 0.014) with BMI; SNP1 (P = 0.022), SNP9 (P = 0.0006), and SNP11 (P = 0.039) with PFM. Among the 12 SNPs, SNP9 showed the most signiWcant consistent associations across all phenotypes (P < 0.01).
It should be pointed out that the above signiWcant associations were only at the nominally signiWcant level (P < 0.05) before the multiple testing corrections. Because of the dense markers and three correlated phenotypes used for data analysis, the Monte-Carlo permutation was performed for 1,000 repetitions to adjust for the multiple tests (Table 3) . After 1,000 permutations, it was established that a P < 0.002 was required for an individual test to achieve a global signiWcance level of 0.05. Thus, SNP9 retained signiWcant association with all three obesity phenotypes (P · 0.001) even after correction for multiple testing. The contribution of SNP9 to the phenotypic variation of fat mass, BMI, and PFM was 6.24, 0.57, and 7.82%, respectively. Individuals carrying allele A had 4.6% higher fat mass and 2.5% increased PFM compared to noncarriers.
We identiWed three blocks with high linkage disequilibrium (LD), ranging in size from 5 to 10 kb (Fig. 1) . Blocks 1-3 mainly spanned from promoter to intron 7. Four SNPs near/in the 3Ј-UTR had low LD with each other, and could not be assigned to any blocks. Based on the haplotypes constructed by SNPs, a multiallelic within-family association test was conducted for the identiWed haplotype blocks. The haplotype analyses, as an important complementary source in the study, further supported the association of the TNFR2 gene with obesity. The haplotype Block 1, representing SNP1 and SNP2, was found to be associated with fat mass (P = 0.043). Haplotype Block 2, containing SNP3, SNP4, and SNP5, was associated with fat mass (P = 0.025) and BMI (P = 0.027). However, these associations only attained marginal signiWcance after multiple testing corrections (Table 3) .
Discussion
In our study, associations with various obesity phenotypes were detected for some TNFR2 common polymorphisms. Our results are in agreement with those previously reported by Fernandez-Real et al. (2000) , in which the polymorphism at the 3Ј-UTR is associated with BMI in human subjects and diet-treated type 2 diabetic patients (Fernandez-Real et al. 2000) . Our preliminary study (Huang et al. 2006 ) also detected a marginally signiWcant association (P = 0.042) between the 13-repeat allele in intron 4 with the PFM. Compared with the previous studies, our study has several notable strengths. First, SNPs distributed densely across the TNFR2 gene were genotyped and exhaustively studied. Second, LD analysis was conducted based on the haplotype information extracted from the multiple SNPs, and the inferred blocks were used in the association tests. Third, the SNPs with high heterozygosity were used to maximize the power to Wnd associations. Fourth, our study highlights the importance of the large sample size and the hidden population substructures in the genetic association study. The TDT approach, which is robust for the potential population stratiWcation was employed in current study, and the 1,873 individuals from 405 nuclear families ensure suYcient power for detection of important variants. Fifth, the permutation approach was applied to circumvent the multiple testing problems aZicting the association study, which highly minimized the number of false-positive results.
It is anticipated that positive association results were detected here, because TNFR2 is overexpressed in adipose tissue in obese subjects (Hotamisligil et al. 1995) , and the gene expression and plasma levels of TNFR2 is diVerent between the obese and lean (Fernandez-Real et al. 1998; Hotamisligil et al. 1997; Ronnemaa et al. 2000) , as we brieXy summarized in the "Introduction". Additionally, (Schreyer et al. 1998) . Moreover, diVerent independent studies reported that TNFR2 is correlated with obesity-associated diseases, such as hypertension (Glenn et al. 2000) , hyperlipidemia (Geurts et al. 2000) , coronary artery disease (BenjaWeld et al. 2001) , and insulin resistance (Fernandez-Real et al. 2000) . In our study, SNP11 (rs235214) resided in the 3Ј-UTR of the TNFR2 gene, and was found to be marginally associated with obesity phenotypes. The 3Ј-UTR region was associated with obesity (Fernandez-Real et al. 2000) , hypertension (Glenn et al. 2000) , and cardiovascular disease (BenjaWeld et al. 2001) , and eVected gene expression and mRNA stability (Puga et al. 2005) . Independent support for the importance of 3Ј-UTR is provided by our genome-wide association study on obesity (Liu et al. 2008) . SNP rs235237 in 3Ј-UTR of the TNFR2 gene was genotyped in 1,000 Caucasian subjects, and it was signiWcantly associated with PFM (P = 0.0156), fat mass (P = 0.0376), and BMI (P = 0.0082).
In this study, the most signiWcant obesity-associated polymorphism is SNP9 (rs5746059). It remains signiWcant even after the adjustment of multiple testing. Similar LD patterns around the SNP9 were observed when we compared the LD structure in our sample with the Caucasian samples' LD structure in the HapMap project (http:// www.hapmap.org/). Both the LD structure for HapMap and ours is in low LD, and the SNP9 (rs5746059) could not be assigned to any of the blocks with any SNPs measured in the 3Ј-UTR. We hypothesize that the strong association between SNP9 and obesity may be attributed to the strong LD of SNP9 with potential functional genetic variants.
Current and earlier association studies on the TNFR2 and obesity (Fernandez-Real et al. 2000; Huang et al. 2006) are all limited to Caucasian samples. To test the association between the TNFR2 gene and obesity in non-Caucasian ethnic groups, we analyzed the data in our genome-wide association study using AVymetrix 500K SNP arrays in a sample of 700 unrelated Han Chinese. For the TNFR2 gene, SNP rs496888 (SNP4 in Table 3 ) was signiWcantly associated with fat mass (P = 0.0042) and PFM (P = 0.0025). The results suggest that our Wnding can be generalized to non-Caucasian ethnic groups.
In conclusion, this study further conWrmed a signiWcant association between the TNFR2 gene and obesity. Our eVorts, combined together with the previous evidence of TNFR2 function in metabolism, supported its variants as important genetic factors for obesity.
